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ABSTRACT 
When  tubulins  obtained  from  particular  microtubules  of the  sea  urchin  (ciliary 
doublet  A  tubules,  flagellar doublet microtubules,  and  mitotic microtubules)  are 
analyzed  by electrophoresis  in  a  polyacrylamide gel  system  containing  sodium 
dodecyl  sulfate  and  urea,  heterogeneity  of  the  alpha  subunit,  and  differences 
between  the  tubulins  are  revealed.  The  alpha  subunit  of tubulin  from  mitotic 
apparatus and from A  microtubules of ciliary doublets is resolved into two bands, 
while the alpha subunit of flagellar doublet tubulin gives a single band. The mitotic 
and  ciliary  tubulins  differ in  the  mobilities  of their two  alpha  species,  or in  the 
relative amounts present, or both. The existence of differences between the tubulins 
has been confirmed by a preliminary analysis of their cyanogen bromide peptides. 
Tubulin, the constituent molecule of microtubules, 
is dimeric in  saline  solutions.  It has a  molecular 
weight  of approximately I10,000,  but  dissociates 
under  denaturing  conditions  into  polypeptide 
chains of molecular weight  near 55,000 (see, e.g., 
reference 8). Two nonidentical chains, commonly 
termed the a- and B-chains,  have been resolved  in 
polyacrylamide gel electrophoresis. Available evi- 
dence  supports  the  interpretation  that  each 
tubulin molecule is a heterodimer containing both 
chains.  The chains are usually found in equimolar 
amounts, regardless of the source of tubulin  (7, 9, 
15,  16, 30), and the few contrary reports (22, 39) 
may  result  from  failure  of quantitation  in  poly- 
acrylamide  gel  electrophoresis  (6).  When  undis- 
sociated  tubulin  is  exposed  to  cross-linking  rea- 
gents, the cross-linked heterodimer aB is formed 
preferentially  (28).  Based  on  this  evidence,  a 
single  heterodimeric  species  of tubulin  molecule 
would  account for the polypeptide chains hereto- 
fore resolved  in polyacrylamide gel electrophore- 
sis. 
There  is,  however,  evidence  that  tubulin  is 
heterogeneous.  Stephens  (36),  and  more recently 
Safer (34), report differences in the tubulins mak- 
ing  up the A and  B tubules of flagellar doublets; 
these tubulins were at first identified,  respectively, 
with  the a- and B-chain  (36),  but this view is no 
longer  held  (15,  34,  39). lsoelectric  focusing  of 
tubulin  from doublet  microtubules (39),  and  also 
from  cells  which  contain  no  doublets  (15), may 
yield  four or five bands under dissociating condi- 
tions. These observations suggest a greater hetero- 
geneity  in  tubulin  than  has  been  resolved  in 
polyacrylamide gel electrophoresis. 
The question  of tubulin  heterogeneity includes a 
question  with  important  functional  implications: 
are  tubulins  from different  microtubule  systems 
within  a  single  organism  identical?  Surprisingly 
little  precise  information  exists  on  this  point. 
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been interpreted both as indicating (3) and as not 
indicating  (38)  differences  in  their  constituent 
tubulins. Strong similarities between tubulins from 
all  animal sources  are  well documented  (e.g.,  11, 
27);  tubulin  appears  to  be  a  highly  conserved 
molecule,  and  this  fact  can  perhaps  be  taken  to 
suggest that tubulins within a  single organism are 
identical.  However,  available data, though sparse, 
have  not  supported  this view.  Both  Fulton  et  al. 
(17)  and  we  (5)  have  compared  tubulins  from 
different microtubule systems of the sea urchin by 
immunochemical means.  In each case, cross-reac- 
tion  with  antibody was obtained,  but clear quan- 
titative differences in the reaction were also found. 
Safer's preliminary report (34) indicates that pep- 
tide differences exist between ciliary and flagellar 
tubulins in the lamellibranch molluscs. 
We  will  here  describe  a  polyacrylamide  gel 
electrophoresis system which  resolves the a-chain 
of sea urchin mitotic apparatus and ciliary doublet 
A  microtubule tubulins into two species, which we 
will call a~ and a~. When this level of resolution is 
applied to a comparison of tubulins from different 
microtubule systems of the sea urchin, differences 
are  revealed.  Both  tubulin  heterogeneity  and  dif- 
ferences  in  tubulins  from  different  microtubules 
are thus demonstrable at the level of electrophore- 
sis  of the  dissociated  subunits  in  polyacrylamide 
gels. 
MATERIALS  AND  METHODS 
Preparation of Microtubules and Tubulins 
The  sea  urchins  used  were Strongylocentrotus pur- 
puratus from  Pacific  Bio-Marine  Supply  Co.,  Venice, 
California. Gametes and embryos were handled at 15~ 
unless  specified  otherwise.  Mitotic  apparatus  was  iso- 
lated at the first cleavage division by the method of Kane 
(23), as described previously (5). Sperm flagella were cut 
from  sperm  at  4~  in  a  blender,  in  isotonic  citrate 
medium at pH  6.5  (4),  and collected by centrifugation. 
Outer doublet microtubules were obtained from flagella 
by a  modification (6)  of the method of Stephens et al. 
(37).  Cilia were obtained by the method of Auclair and 
Siegel (2) from embryos between hatching and gastrula 
stages.  Eggs  were  fertilized,  washed,  and  allowed  to 
develop to hatched blastulae in Millipore-filtered artifi- 
cial  seawater  containing  penicillin  (0.25  mg/ml)  and 
streptomycin  (0.25  mg/ml).  Cilia  were  detached  by 
suspending the embryos in seawater containing an addi- 
tional 3% sodium chloride. After 1 min, the medium was 
restored to isotonicity by the addition of 50% seawater, 
with stirring. Embryos were collected by centrifugation, 
resuspended  in seawater with antibiotics, and  used  for 
further cycles of harvesting after  regeneration of cilia. 
The supernate containing detached cilia was cooled over 
ice, then handled at 4~  It was centrifuged for 6 min at 
600 g to remove cell debris, then centrifuged for 30 min at 
9,250 rpm in a Sorvall GSA rotor (DuPont Instruments, 
Sorvall  Operations,  Newtown,  Conn.)  to  collect  cilia. 
Cilia were then treated by a  procedure identical to that 
used  to obtain outer doublet microtubules from  sperm 
flagella.  Electron microscopy of the ciliary microtubule 
preparations, carried out after negative staining with 1% 
uranyl acetate, showed that the preparation consisted of 
singlet microtubules, some of which remained in axone- 
mal groupings. Linck (25) observed a selective loss of the 
B tubule during isolation of doublet microtubules from 
gill cilia, but not sperm flagella, of Aequipecten irradi- 
ans. From this result, and also because the A tubule is a 
complete microtubule and more stable than the B (3, 36), 
we infer that the preparation consists of A tubules. One 
tubule from each central pair may also be present (25). 
Tubulin  was  obtained  from  mitotic  apparatus  and 
ciliary  and  flagellar  microtubules  by  extraction  with 
organic mercurial (5).  In the case of mitotic apparatus, 
the extraction medium was 0.02 M p-chloromercuriphe- 
nylsulfonic acid (Sigma Chemical Co., St. Louis, Mo.) in 
0.01 M phosphate buffer, pH 6.4, which was added I:1 to 
packed  mitotic  apparatus  in  isolation  medium.  In  the 
case of ciliary and flagellar microtubules, the extraction 
medium was 0.02 M p-chloromercuriphenylsulfonic acid 
in 0.01  M borate buffer, pH 9.0, which was added 4:1 to 
pellets of microtubules. Extraction was allowed to pro- 
ceed  for  1 h,  and  solubilized tubulin was  recovered as 
described previously (5) as the supernate of high-speed 
centrifugation. 
To avoid the gradual aggregation of tubulin, mercurial 
extracts were dialyzed against freshly prepared 8 M urea 
overnight at  room  temperature,  and  reduced  and  car- 
boxymethylated according to Crestfield et al. (10).  The 
preparations  were  then  dialyzed  in  the  dark  against 
freshly prepared 8 M urea. If required, the material was 
stored in 8 M  urea at  -20~  followed by dialysis into 
fresh medium.  Protein determinations were carried out 
by the method of Lowry et al. (26). 
Repurification  of Tubulin on 
Diethylaminoethyl Cellulose 
( D EA E-Cellulose) 
Reduced  and  alkylated preparations of tubulin (1-5 
rag) were applied in 8  M  urea  +  ammonium chloride- 
ammonia buffer, 0.08 M in ammonium chloride, pH 9.3, 
to a 0.9  x  15 cm column of Whatman DE-52 preequili- 
brated  with  the  same  medium,  and  were  eluted  with 
increasing concentrations of the same buffer in 8 M urea. 
The buffer used was chosen to minimize deamination of 
lysine residues by cyanate released from urea (35); for the 
same reason, only freshly prepared urea solutions were 
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approx. 0.24 M ammonium chloride. The peak fractions 
were pooled, and tubulin  was precipitated by the addition 
of  7  vol  of ethanol,  recovered after  several  hours  of 
incubation by centrifugation (no detectable protein re- 
mained in the supernate) and redissolved  in 8 M urea. 
Polyacrylamide  Gel Electrophoresis 
The following  system, which contains SDS and urea, 
was  used  to  resolve  the  a-chain  of tubulin  into  two 
components. Monomers, riboflavin,  and N,N,N', N'-tet- 
ramethyl-ethylenediamine  (TEMED),  were  obtained 
from Eastman Kodak Co., Rochester, N. Y. The resolv- 
ing gel contained 5% (wt/vol) acrylamide (electrophore- 
sis grade), 0.165%  N,N'-methylenebisacrylamide (6.3% 
acrylamide, 0.2% bisacrylamide were also used in some 
cases),  8  M  urea  (Schwarz/Mann Div.,  Becton,  Dick- 
inson  &  Co.,  Orangeburg,  N.  Y.,  ultrapure),  0.1% 
SDS,  0.07%  ammonium  persulfate,  0.029%  (vol/vol) 
TEMED,  and  buffer containing, per 400  ml,  18.15 g 
Tris  (primary  standard,  Fisher  Scientific  Co.,  Pitts- 
burgh, PaL and  19.8 ml standardized 1 N  HCI (Fisher). 
Spacer  and  sample  gels,  identical  in  composition 
except for the presence of sample, contained 2% (wt/vol) 
acrylamide, 0.5% bisacrylamide, 8 M urea, 0.1% sodium 
dodecyl sulfate  (SDS),  0.0005%  riboflavin,  and  buffer 
containing, per 400 ml, 2.498 g Tris (primary standard), 
and  19.8 ml of 1 N  HC1 (standardized). TEMED  was 
omitted, as the small volumes required were difficult to 
measure accurately and it tended to raise the pH. 
A note on the pH of the gels is in order. Our pH meter, 
equipped with a Fisher 13  639  3 glass electrode, consist- 
ently gives pH readings for Tris buffers in 8 M urea (at 
24~  that are 0.6 U higher than values calculated from 
pK = 8.1 for Tris. That is, the meter readings indicate an 
apparent pK  =  8.7 for Tris under these conditions. This 
discrepancy in pK depends on the presence of urea, since 
in the absence of urea the meter readings are within 0.1 
pH  U  of values  calculated  from  pK  =  8.1.  The  pH 
indicator dye bromothylmol blue  (Fisher),  added  as  a 
0.001%  solution to pH  6.7 Tris buffer, fails  to confirm 
the discrepancy: its absorption spectrum is almost identi- 
cal whether or not the buffer contains 8 M  urea.  Since 
these results show that indirect measurements of pH are 
unreliable in this system, we have specified our buffers by 
their precise compositions rather than by their measured 
pH. 
Electrode buffers contained  14.4% (wt/vol) glycine, 
3%  Tris,  0.1%  SDS,  and  10-5% bromphenol  blue. 
Electrophoresis was carried out in 0.5 ￿  14 cm gels at 0.6 
mA per gel during stacking and  1.2 mA per gel during 
resolution. A run time of about 4 1/2 h allowed migration 
of the bromphenol blue marker to near the bottom of the 
gels.  Gels were fixed in  5% trichloroacetic acid (TCA), 
5% sulfosalicyclic  acid,  stained in 0.1% Coomassie blue 
in 45% methanol, 10% acetic acid, and destained in 5% 
methanol, 7.5%  acetic acid.  Gels were scanned at  565 
nm  in  a  GCA/McPherson model EU-701  B recording 
spectrophotometer equipped with a gel scanner (GCA/ 
McPherson Instrument, Acton, Mass.): the areas under 
each peak, taken as the areas between verticals dropped 
from the nearest trough or horizontal point of the scan, 
were determined by cutting out and weighing the appro- 
priate sector of the scan. 
Mapping  of Cyanogen Bromide Peptides by 
Isoelectric Focusing 
Tubulin  preparations in 8 M urea were diluted to 3.25 
mg protein per ml, and 0.3 ml of 1 N  HCI  in 8 M urea 
was added per milliliter  protein solution (measured final 
pH  =  2.0;  final  protein  concentration,  2.5  mg/ml). 
Cyanogen bromide, 50 mg per ml of sample, was added, 
and the mixture was allowed to react at 24~  in the dark 
for 24 h. A hydrolysis time of 48 h produced no change in 
the results. Samples were then lyophilized  and stored. 
Isoelectric focusing  was carried out  in  0.5  ￿  10-cm 
polyacrylamide gels  formulated  according  to  Righetti 
and Drysdale (33), except that the gels were made 8 M in 
urea  (29),  which  we  found  to  be  indispensable  for 
reproducibility and good resolution in the peptide maps. 
Gels were polymerized at 15~  using carefully tempera- 
ture-equilibrated solutions;  gel mixtures were deaerated 
for 90 s before adding initiators, and for 30 s more after 
their addition. The gel mixtures were centrifuged at low 
speed  (130 g) during  polymerization in  a  floor model 
International centrifuge (International Equipment Co., 
Needham  Heights,  Mass.).  To  achieve  this,  the  gel 
mixtures were  added  to  tubes,  capped at  the bottom, 
which had previously  been mounted through a one-hole 
stopper in centrifuge tubes filled with  water; the water 
prevented extrusion of the gel mixture from the bottom 
of the gel tube by balancing the pressure. The centrifuga- 
tion step eliminates a tendency of the peptide bands to 
form  wavy  surfaces  which  complicates  comparisons 
between peptide maps. 
Focusing was done in an ordinary polyacrylamide gel 
electrophoresis apparatus  (Model  3-1071, Buchler  In- 
struments, Inc., Fort Lee,  New Jersey), which  was air- 
cooled at  4~  Samples of tubulin peptides previously 
lyophilized  from 8 M  urea, reconstituted with water to 
their volume before lyophilization, were made 0.02 N  in 
sodium hydroxide immediately before use by the addition 
of sodium hydroxide in 8 M urea, placed on the gels, and 
run from cathode to anode. Samples of 0.2 ml, contain- 
ing 0. I-0.2 mg peptides, were used; they were mixed with 
two drops of glycerol  before placing on  the gels.  The 
cathode buffer was 0.02 N  sodium hydroxide or 0.02 N 
sodium hydroxide in 8 M urea; the anode buffer was 8 M 
urea  titrated with  17.9 ml of 85%  phosphoric acid per 
liter (measured final pH, 2.5 at 6~  All urea solutions 
were freshly made. Electrophoresis was done at I mA per 
gel until  the voltage reached 400  V;  focusing  was then 
allowed to proceed at 400 V for 8 h (33) and 800 V for 1 h 
more (29). 
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5% TCA, 60 ml per gel, over a period of 48 h. This step 
removes the ampholytes.  Staining was done to equilib- 
rium, in two changes of 0.002%  Coomassie blue in  15% 
TCA, 60 ml per gel, over a period of 24 h. The stain was 
freshly  made,  by  dilution  in  15%  TCA of a  2%  stock 
solution  of Coomassie blue in methanol. Destaining was 
not required.  The gels were stored in 0.0002% Coomassie 
blue in 7% acetic acid. 
N H 2- Terminal Amino Acid Determination 
NH2-terminal amino acid determination  was carried 
out  on  DEAE-purified tubulin  according to Gray (18). 
Dansyl amino acids were  identified  by chromatography 
on polyamide layers. 
RESULTS 
Heterogeneity of Mitotic a- Tubulin 
We  have  previously  described  a  method  of 
obtaining  tubulin  from  the  microtubules  of  sea 
urchin  mitotic  apparatus  by  extraction  of  the 
isolated  apparatus  with  organic  mercurial  (5). 
Tubulin  obtained  in  this  way  was  reduced  and 
alkylated  (the mercurial is presumably removed in 
this  step),  and  analyzed  by  electrophoresis  in  the 
SDS-urea gel system  described (see Materials and 
Methods).  Electrophoresis  in  this  system  resolves 
the t~-band  of mitotic tubulin  into two bands (Fig. 
1 a); we call the slower migrating band the a~ band 
and the faster  migrating one the a2 band. 
Repurification of the tubulin preparation  by salt 
gradient elution from  DEAE-cellulose in the pres- 
ence  of urea  (Fig.  2)  produces  no  change  in  the 
electrophoretic pattern.  As a  further check on  the 
purity  of  the  tubulin,  an  end-group  analysis  was 
performed.  The  only  detectable  NH2-terminal 
amino  acid  is  methionine,  as  is  the  case  with 
tubulin  from  sea  urchin  sperm  flagellar  doublet 
microtubules  (27,  confirmed  by  us  in  this  work) 
and  chick and  mammalian  brain  (13,  24,  27). 
In  our  earliest  results,  resolution  of  a~-  and 
a2-bands  in  polyacrylamide  gels  containing  SDS 
and urea occurred only occasionally; it has become 
reproducible  with  modification  and  standardiza- 
tion  of  the  technique,  and  appears  to  depend 
sensitively  on  the  details  of the  gel  system  used. 
Resolution of at  and a~-bands does not occur in a 
comparable  gel  system  (6)  containing  only  urea 
(Fig.  1  b),  or  in  the  SDS-containing  system  of 
Yang  and  Criddle  (40),  which  was  used  by  Lu- 
FIGURE  1  Electrophoresis  of a  single  preparation  of 
tubulin  from  sea  urchin  mitotic  apparatus  in  three 
different polyacrylamide gel systems.  (a) SDS-urea sys- 
tem, (b) urea system,  (c) SDS-system (for details of gel 
system,  see text).  In the SDS-urea system,  a-tubulin  is 
resolved  into  two  bands.  The  tubulin  preparation  used 
was  an  unrepurified  mercurial  extract,  and  the  gels 
reflect the degree of purity  of such  a  preparation.  The 
loading for (a) was  10 ~.g protein containing an estimated 
5-7 ~tg of tubulin.  The loadings for (b) and (c) were 20 gg 
and  10/zg,  respectively. 
duena  and  Woodward  (27)  to  give  an  excellent 
separation  of a- and  E-chains (Fig,  1 c). 
Densitometric  quantitation  of  SDS-urea  gels 
stained  with  Coomassie  blue  shows  that  at  load- 
ings  of  DEAE-purified  tubulin  above  15  #g  the 
combined  material  in  the  al-  and  a2-bands  is 
approximately  equal  in  amount  to  that  in  the 
E-band.  In other words, the characteristic ratio of 
a- to O-tubulin  is obtained,  provided both t~l- and 
aa-bands  are  taken  to  represent  a-tubulin.  At 
considerably  lower loadings  (Figs.  l  a  and  4)  the 
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combined  a-species  are  present  in  considerable 
apparent  excess  over  ~-tubulin,  but  this  also  is 
characteristic  of  a-  and  ~-tubulin,  as  we  have 
previously shown (6). On gel systems which do not 
resolve ar  and a=-tubulin, a- and ~-tubulin appear 
at sufficiently high loadings to be present in nearly 
equal amounts  (Table I). 
We  have  also  determined  the  ratio  of al-  to 
a=-tubulin;  in  mitotic tubulin,  the al- and a=-spe- 
cies appear to the eye to be present in exactly equal 
Fraction  Number 
FIGURE  2  Repurification  of  a  mercurial  extract  of 
tubulin  by salt gradient elution from DEAE-cellulose in 
the presence of urea, using  increasing concentrations of 
an  ammonium  chloride-ammonia  buffer  for  elution. 
Open circles indicate the fractions pooled for the repuri- 
fied preparation.  Mercurial extracts of flagellar doublet 
microtubules (shown)  and mitotic apparatus  give essen- 
tially similar elution profiles.  Polyacrylamide gel electro- 
phoresis of the repurified tubulin preparations,  at load- 
ings of up to 40 p.g, shows no detectable impurities. 
amount;  densitometry  confirms  this  impression 
within  the accuracy to  be expected in view of the 
close  spacing  of the  tubulin  bands  (Table  I).  In 
contrast  to a-  and/~-tubulins,  the apparent equal- 
ity of al- and artubulins  is not restricted to high 
loadings  of  tubulin,  but  persists  at  all  loadings 
tested. 
To  further  analyze  the  relationship  between 
tubulin  chains,  a  Fergusson  plot  according  to 
Hendrick and Smith (20) was constructed (Fig. 3). 
Both at- and a=-tubulins give straight lines on this 
plot.  Each  species  therefore  behaves,  in  gels  of 
different  pore  size,  like  an  entity  with  a  definite 
size  and  electrophoretic  mobility.  The  lines  are 
closely parallel to each other and to the line given 
by  ~-tubulin.  This  is  taken  to  show  that  the 
migrating species differ in charge rather  than  size 
(20),  but  it  should  be  borne  in  mind  that  the 
migrating species in this case are mixed micelles of 
protein  and  SDS, and that  neither gels containing 
urea  alone nor gels containing  SDS alone resolve 
a1- and  a2-bands  (see  Discussion). 
Comparison  of Tubulins 
Tubulins  from  widely  disparate  sources  have 
heretofore been reported to give identical patterns 
in polyacrylamide gels. The one reported exception 
has  been  in  the  case  of the  E-chains  of tubulins 
from  neuroblastoma  cells  and  from  Chlamydo- 
monas  flagella  (31).  We  have  applied  the  level 
of resolution  afforded by the SDS-urea  system to 
a  comparison  of  tubulins  from  three  species  of 
microtubule  of  the  sea  urchin:  mitotic  microtu- 
bules,  flagellar doublet  microtubules  from sperm, 
and  the  A  microtubule  of  the  ciliary  doublets 
from  the  hatched  embryo.  Each  tubulin  was  ob- 
TABLE I 
Relative Amounts of Tubulin Subunits in Mitotic Tubulin, Determined by Densitometry 
after Coomassie BlueStaining 
Amount of a 
Gel system  Amount ofai  Amount ofal  (or ofa~ + a=)  Amount of B 
(%)  (%)  (%)  (%) 
SDS  --  --  52.7  47.3 
Urea  --  --  46.8  53.2 
S DS-urea  30.1  24.8  54.9  45.1 
The values listed are averages for 3  5 gels. Amounts are expressed  as percentage of total tubulin present.  SDS-urea 
gels were loaded with  15-40 #g of DEAE-purified tubulin.  For details of the gel systems,  see text. SDS and urea gels 
were loaded with  15-25  #g of mercurial extract. 
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FIGURE 3  Fergusson  plot for al-, a,-, and B-tubulins 
from mitotic apparatus (SDS-urea system). R  r denotes 
the relative mobility of a component with respect to a 
bromphenol blue marker.  The  5%  acrylamide system 
indicated  on  the  abscissa is  the  system described in 
Materials and Methods. The higher percentage systems 
were obtained by increasing the acrylamide concentra- 
tion to the indicated percentages, increasing the bisacryl- 
amide  concentration  proportionately,  and  leaving the 
system otherwise unaltered. 
tained by extraction with  mercurial, and reduced 
and  carboxymethylated  before  electrophoresis. 
The electrophoretic patterns obtained from these 
tubulins are  different  (Fig.  4).  In  tubulin from 
sperm  flagellar  doublet  microtubules,  a~-  and 
a2-bands  are  not  resolved.  In  mixture  gels  of 
flagellar doublet and mitotic tubulins, a-tubulin of 
flagellar doublets migrates with,  or close to,  a2- 
tubulin from  mitotic  apparatus.  The  absence of 
resolvable a-tubulins is not characteristic of dou- 
blet microtubule systems, however, since ax- and 
ot~-tubulins  are  resolved  in  tubulin  from  the  A 
tubule of ciliary doublets.  The absence of the  B 
tubule  from  the  ciliary  preparation  cannot  of 
course account for the presence of an extra band in 
ciliary tubulin. A  microtubule from each  central 
pair may be present in these preparations (25), but 
we doubt that it could account for the total amount 
of  either  of  the  a-subunits which  is  present;  in 
particular, it could not account for the presence of 
the az-subunit, which  is clearly different in mobil- 
ity  from  flagellar a-tubulin, and  is,  if anything, 
present in excess over the a2-subunit. The electro- 
phoretic pattern for the ciliary tubulin is moreover 
clearly different from that for mitotic tubulin. The 
exact  basis of the difference is difficult to  ascer- 
tain,  because of the  low  degree  of separation of 
ciliary a-bands. Judging strictly from appearance, 
the ciliary a-species are closer in mobility than are 
the  a-species  of mitotic tubulin, and  the  ciliary 
al-species  is  present  in greater  amount than  the 
arspecies.  However,  each  of  these  differences 
alone could cause the appareance of the other. An 
excess  of al-chain would place the a2-peak on a 
steeply rising slope,  thereby shifting it toward the 
a~-peak.  On the  other hand, since the  peaks  are 
asymmetrical, with an extended trailing edge,  an 
apparent  excess  of  arspecies  could  result  from 
the location of the a~-peak on the trailing edge of 
a closely spaced a2-peak. In Fig. 5, asymmetrical 
triangles are used as models for the peaks, and a 
profile similar to that of the a  bands of the ciliary 
tubulin is  constructed  by  the  addition  of  equal 
peaks.  It is hoped that a computer analysis of the 
scans will  help  to determine the exact  difference 
between the mitotic and ciliary tubulins. 
The  difference  obtained in  the  electrophoretic 
patterns  of  the  ciliary  and  flagellar  tubulins is 
particularly  significant  because  the  procedures 
used to obtain these tubulins are almost identical. 
Only the  steps  at  which  cilia are  detached  from 
embryos, and sperm tail from sperm, differ in that 
the  cutting  media  are  different,  and  different 
factors  may  be  released  into  the  medium  by 
embryos and by sperm. We have done an experi- 
ment to test the possibility that the electrophoretic 
difference between the ciliary and flagellar tubulins 
might  arise  at  this  step.  In  this  experiment, the 
cutting  media  were  made  identical,  and  sperm 
were  exposed  to  supernatant factors which  might 
have been released by embryos during the detach- 
ment of cilia. Cilia were amputated from blastulae 
(see  Materials  and  Methods)  by  exposure  to 
hypertonic medium, followed by restoration of the 
medium to isotonicity. Embryos were centrifuged 
out of the suspension at  15~  and cilia collected 
by  centrifugation at  ice  temperature.  Previously 
undiluted  sperm  were  then  resuspended  in  the 
supernate from  the ciliary procedure.  The sperm 
tails were detached from heads by agitation with a 
vortex  mixer,  and  the  suspension  was  further 
diluted with ciliary supernate to a concentration of 
sperm  flagella  approximately  equal  (by  micro- 
scope  examination) to  the  prior concentration of 
cilia. The suspension was handled so that the time 
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at 15~  and at 0~  was approximately equal to the 
previous times for cilia. Thereafter, sperm flagella 
and cilia were handled exactly in parallel, to obtain 
microtubules and tubulins. The results obtained in 
this experiment were  unaltered: ar  and a3-bands 
were resolved in the ciliary tubulin, but not in the 
flagellar tubulin. 
To further confirm the existence of differences 
between tubulins from mitotic apparatus and fla- 
gellar  doublets,  the  DEAE-repurified  tubulins 
were subjected to cyanogen bromide cleavage, and 
the resulting peptides were compared by isoelectric 
focusing  in  polyacrylamide gels  containing urea 
(Fig. 6). Most of the peptides from the two sources 
are indistinguishable,  but the patterns reproducibly 
include  major  peptide  bands  specific  to  each 
tubulin. A single sample of tubulin from the ciliary 
A  microtubule has also been compared  with  mi- 
totic apparatus and flagellar doublet tubulins. Due 
to  the difficulty of obtaining this tubulin in high 
yield, it was not repurified after mercurial extrac- 
tion,  and  was  placed  on  the  gels  at  insufficient 
loading,  but  one  of  the  most  heavily  staining 
peptides of the ciliary pattern had no counterpart 
in either mitotic or flagellar doublet tubulin. 
DISCUSSION 
Is  the at-  or ot2-Chain  an  Impurity? 
Both al- and a2-chains behave like tubulin in the 
following ways: both are present in isolated mitotic 
apparatus  and  ciliary  A  microtubules; both  are 
extracted  by  organic  mercurial,  which  extracts 
tubulin selectively (5); both elute from DEAE-cel- 
lulose in the tubulin peak; and both have methio- 
nine  end-groups.  Moreover,  the  two  a-chains 
apparently  co-migrate  in  all  gel  systems  used 
except  the  SDS-urea  system,  as  shown  by  the 
absence in these gel systems of additional bands of 
strengths comparable to the tubulin bands, and by 
the presence of ~-tubulin in an amount (relative to 
~-tubulin) equal to the sum  of a~  and a~.  By the 
same  argument,  if or1  or  or2  as  revealed  by  the 
FIGUgE 4  Comparison  of tubulins  from three  different  microtubule systems of the  sea  urchin  by 
polyacrylamide gel electrophoresis in the SDS-urea system. FL: tubulin from doublet microtubules of 
sperm flagella. MA: tubulin from mitotic apparatus.  CIL:  tubulin from the A microtubule of ciliary 
doublets. All gels were loaded with 8/~g of mercurial extract protein. Densitometer scans of the tubulin 
bands are shown, as well as photographs of the tubulin region of the gels. All three patterns are clearly 
different. It is not self-evident  whether the ciliary and mitotic apparatus patterns differ in the mobilities of 
the a-subunits, the relative amounts present, or both (see text). 
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FIGURE 5  Illustrates how the a-band pattern of tubulin 
from  the  ciliary  A  microtubule  could  arise  from  two 
closely spaced a-species present in equal amount, in view 
of  the  fact  that  the  bands  are  asymmetrical,  with  an 
extended trailing edge.  Asymmetrical triangles are used 
as models of peaks of a densitometer scan. The solid line, 
which  resembles the scan  of the ciliary a-peaks,  is the 
sum  of the two dotted lines. 
SDS-urea  system  were  considered  an  impurity, 
then the other species would be present in only half 
of  the  amount  required  for  equimolarity  with 
B-tubulin. Moreover, the apparent  equimolarity of 
at-  and  a2-tubulins  themselves  in  tubulin  from 
mitotic apparatus (and possibly also from ciliary A 
microtubules,  see  Fig.  5)  is  inconsistent  with 
expectation  if either  one  of them  is  an  impurity. 
We  conclude  that  both  at-  and  a2-species  are 
components  of tubulin. 
Are the ctl- and c~z-Chains  Artifacts? 
Several  considerations  rule  out  the  possibility 
that the cleavage of the a-tubulin  band  is a purely 
electrophoretic  artifact  specific  to  the  SDS-urea 
system.  There  are  two  internal  controls:  the  8- 
band  is  not  cleaved,  and  the  a-band  of flagellar 
doublets  is  not  cleaved.  Moreover,  a  Fergusson 
plot  shows  that  the  at-  and  a~-species  behave  as 
entities  having  definite  sizes  and  electrophoretic 
mobilities. 
A  chemical modification of a-tubulin  occurring 
during  preparation  would  not  in  general  be  ex- 
pected  to  give  reproducible  and  equimolar 
amounts  of at-  and  a2-tubulins  in the case of mi- 
totic apparatus  tubulin.  A  proteolytic cleavage of 
the a-chain,  if carried  to  completion,  would yield 
two  equimolar  species  from  a  single a-chain,  but 
both  products  would not have a  molecular weight 
similar to that  of the original a-chain; both would 
not therefore  migrate  at  or near the a-position  in 
gel  systems  which  discriminate  primarily  by  mo- 
lecular  weight.  An  irreversible  bimolecular  re- 
action among a-chains, 2a -. at  +  a2, would also, 
if carried  to  completion,  produce  two  species  of 
FIGURE 6  Comparison  of the cyanogen bromide pep- 
tides  of  DEAE-repurified  tubulins  from  sea  urchin 
mitotic  apparatus  (MA)  and  doublet  microtubules  of 
sperm  flagella  (FL). The  peptides  were  analyzed  by 
isoelectric focusing in polyacrylamide gels containing 8 
M  urea.  Most  of the peptides  of the two tubulins  are 
indistinguishable  by this method, but differences are also 
evident.  The  most  conspicuous  of  these  have  been 
emphasized by brackets. 
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spontaneous reaction of the a-chain, requiring no 
added reagents.  It might as well occur in vivo as 
during our experimental procedure. Conceivably, 
such  a  reaction might take place during the pre- 
parative steps rather than in vivo, and so produce 
resolvable aa- and az-chains from mitotic appara- 
tus and ciliary tubulins, but not flagellar tubulin. 
However,  this  suggestion  has  little  weight  of 
probability; it  is simpler to assume that  al- and 
a2-tubulins are real. 
A re Tubulins from Different Microtubule 
Systems Different? 
Unless  al-  and  a~-tubulin  are  artifacts,  we 
have  shown  that  both  mitotic tubulin  of sea  ur- 
chins and tubulin from A tubules of ciliary doub- 
lets differ from flagellar doublet tubulin. It is fur- 
ther  likely that  mitotic tubulin and  tubulin from 
the  A  tubule of ciliary doublets are basically dif- 
ferent,  differing in  the  mobilities of their a-spe- 
cies as their electrophoretic patterns suggest,  not 
merely in the relative amounts of the two species 
present.  Further analysis will be required to con- 
firm this point. 
Even  if ar  and a~-tubulins were considered to 
arise  during  our  preparative steps,  the  fact  that 
they arise in mitotic and ciliary doublet A tubulins 
but  not  in  flagellar doublet  tubulin  would  show 
intrinsic  differences  in  the  tubulins,  unless  this 
could be  attributed to differences in preparation. 
The  methods  of preparation  used  for the  ciliary 
and  flagellar tubulins are,  however, very similar, 
and  an experiment in  which the procedures were 
made  virtually  identical,  and  in  which  sperm 
flagella were  exposed during  cutting to  superna- 
tant  factors  that  may  have  been  released  from 
embryos during the detachment of cilia, produced 
no  alteration of the results. Moreover, the differ- 
ences in tubulins have been confirmed by a prelimi- 
nary analysis of their cyanogen bromide peptides. 
The results indicate that each tubulin has specific 
peptides,  so  that  each  tubulin  differs  by  the 
presence  of molecular regions not present in  the 
others. Apparently, differences exist in the tubulins 
of different microtubule systems. 
Factors Affecting the Resolution of or-Chains 
Although we have made no systematic study of 
factors affecting the resolution of a-chains, the use 
of gels containing both SDS and urea appears to 
be critical. The Fergusson plot for this system (Fig. 
3)  suggests that the micelles formed with SDS by 
the a-chains differ more in charge than in size. If a 
substantial amount  of this charge difference were 
intrinsic  to  the  polypeptide  chains,  one  would 
expect the chains to have a  mobility difference in 
gels  containing  only  urea.  Therefore  the  charge 
difference  may  reflect  primarily  a  difference  in 
bound  SDS.  Since the  bands  are  not  resolved in 
systems  containing  SDS  only,  there  does  not 
appear to be a major difference in the tendency of 
the chains to bind SDS, but any existing difference 
might be magnified in the presence of urea, which 
would be expected to promote the release of SDS 
from  the  chains.  With  little  SDS  bound,  SDS 
would  account  for  a  higher  percentage  of total 
charge  than  of  total  mass,  and  a  difference  in 
binding might appear primarily as a difference in 
charge. 
Other factors which clearly improve the resolu- 
tion of a-bands are the use of low percentages of 
acrylamide and bisacrylamide in the resolving gel, 
and the use of low loadings of tubulin, preferably 
below 10 ~tg of mercurial extract protein (Figs. 1 a 
and  4).  Certain  other  aspects  of  our  procedure 
might also play a part in the resolution of a-bands. 
These  are:  (a)  the use of tubulins obtained from 
particular microtubule systems rather than whole- 
cell  tubulin,  which  could  conceivably  be  highly 
heterogeneous in subunit composition; (b) the use 
of both  sample and spacer gels, which  are some- 
times omitted at the risk of convective disturbance 
of the pattern; (c) the use of gel buffers which are 
slightly  more  alkaline  than  those  of  the  usual 
Ornstein-Davis system (12, 32); (d) the presence of 
SDS in the electrode buffers as well as the gels; (e) 
the use of lower than usual percentages of acrylam- 
ide and bisacrylamide in the stacking gels; and (D 
the  omission of TEMED  from  the stacking gels, 
which allows a  more precise control of pH. 
Origin and Function of al- and a~-Tubulins 
Our findings indicate the presence of at least two 
dimeric species of tubulin molecule, ale and a~/~, 
in  some  microtubules.  Since  there  is  as  yet  no 
information concerning the origin and function of 
these  molecules,  little more  can  be done  at  this 
time  than  to  list  possibilities. Since  mitotic mi- 
crotubules are considered to be in dynamic equilib- 
rium with unpolymerized tubulin (21), we suppose 
that  both  species  of  tubulin  are  present  in  the 
soluble tubulin pool, and are already present at the 
time  of microtubule assembly.  We do  not  know 
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equimolar  amount,  or  whether  their  apparent 
equimolarity in mitotic microtubules is determined 
during assembly.  In the  latter case (and possibly 
even in the former) the microtubule would presum- 
ably consist of an alternating arrangement of the 
two  molecules.  It  should  be  noted  that  tubulin 
molecules can be arranged in this way on what is 
generally agreed (I,  14,  19) to be the microtubule 
lattice (Fig. 7). The required disposition of dimers 
on the lattice is identical to that described by Amos 
and Kiug for the A tubule of flagellar doublets (i). 
The alternating arrangement gives an axial perio- 
dicity of 160 A,'a spacing which has been detected 
in doublet  microtubules (1,  19).  In terms  of this 
model, a possible function of tubulin heterogeneity 
is to confer on the microtubule an intrinsic perio- 
dicity longer than the dimer spacing, which could 
play a  part  in the  organization of periodic struc- 
tures associated with microtubules. 
Assuming  that  both  tubulin molecules  are  al- 
ready present in soluble tubulin before the assem- 
bly of microtubules, it is still not known whether 
they  are  translated  from  distinct  transcripts,  re- 
flecting the activity of different genes, or whether 
they  are  produced  by posttranslational modifica- 
tion of a single precursor. At the chemical level, we 
do not know whether the at- and az-chains repre- 
sent  truly  distinct  amino  acid  sequences,  or 
whether  the  differences  between  them  are  re- 
stricted  to  terminal  or  side  chain  modifications 
imposed on a single basic sequence. In either case, 
the point at which the presence of the two tubulin 
molecules  is  determined  could  well  be  a  control 
point for tubulin function. 
Origin and Function of the 
System-Specificity of Tubulin 
The  system-specificity of  tubulin indicated  by 
our data extends to stable microtubules, which are 
not  necessarily  in  dynamic  equilibrium  with  a 
solbule pool. Therefore it cannot be assumed that 
system-specificity  arises  before  microtubule  as- 
sembly. It may be caused by localized modification 
of  polymerized  microtubules,  in  which  case  it 
could function only in determining the higher order 
systems to be constructed from microtubules, and 
in microtubule function, l f, however, specific tubu- 
lins exist before polymerization, then the specific 
tubulins for  different  microtubule systems  might 
coexist in a  cell at one time; in this case,  tubulin 
would  be  selected  during  polymerization from  a 
FIGURE  7  A  model  in  which  two  different  tubulin 
dimers are arranged in alternating fashion  on the mi- 
crotubule lattice.  Circles  represent monomers.  Axially 
oriented  shaded  pairs  of circles  represent one tubulin 
dimer; unshaded pairs represent the other.  Rows of like 
dimers run diagonally between  the protofilaments and 
rows  of the shallower  three-start helix.  For a thirteen- 
protofilament microtubule, this helix  of like  molecules 
forms a  16-start  helix of monomers, or 8-start helix of 
dimers. The axial period of this helix accommodates four 
each of the two dimeric tubulin molecules. 
The  upper  member  of each  shaded  pair  might  be 
regarded  as an at-chain, and the upper member of each 
unshaded pair as an a2-chain. The lower members would 
then be B-chains. The at-chains would occupy equivalent 
lattice  positions,  as  would  the  a2-chains.  However, 
B-chains  would  occupy  two  nonequivalent positions, 
corresponding  to  the  lower  members  of  shaded  and 
unshaded  pairs.  These  positions  could  be  filled  by 
nonidentical, but  as  yet  unresolved,  B-chains,  or  by 
identical B-chains whose combining properties have been 
influenced  by  their  prior  association  with  at-  or  c~- 
chains. 
heterogeneous pool. One function of tubulin speci- 
ficity would then  necessarily be to determine the 
specificity  of  microtubule  polymerization.  This 
might be done either via a  specific polymerization 
site,  or  via  a  site  participating  in  a  specific 
activation of tubulin for assembly. 
As  is  the case  with at-  and a~-tubulins, we do 
not know whether system-specific tubulins arise by 
translation of different transcripts or by posttrans- 
lational modification of a  single precursor;  these 
310  THE JOURNAL OF CELL BIOLOGY ￿9 VOLUME 69,  1976 possibilities would  differ in  their implications for 
the control of microtubule function. 
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